Abstract -Molecular dynamics simulations were used to evaluate the effect of the asphaltene molecular representation on calculations of the aggregate size and aggregation behavior of asphaltene/solvent systems. Three different asphaltene representations were studied, namely, a mixture of four molecules, an island-type molecule and an archipelago-type molecule. Calculations were conducted for pure asphaltene systems and in solutions of n-heptane and toluene. For pure asphaltene systems, the island-type representation allows for the formation of extremely large aggregates, whereas for the mixture and archipelago representations, the aggregates contained up to four molecules. For asphaltene/solvent systems, the mixture representation was consistent with the expected solubility behavior of asphaltenes in both n-heptane and toluene. With this representation, the final configuration in n-heptane consisted of up to fourmolecule aggregates, whereas in toluene, the observed aggregates were dimers, at most. The structural configuration of the island-type molecule misrepresented the aggregation behavior of the asphaltenic phase. The representation of the asphaltene phase, exclusively with the archipelago architecture, also fails to correctly describe the asphaltene aggregation since almost no aggregation was observed. In n-heptane, the asphaltene aggregates were compact and stable with time, and their behavior resembled that of solid particles suspended in a fluid phase. In toluene, the aggregates were of a porous nature, forming viscoelastic networks and reducing the mobility of the fluid phase. The results indicate that the mixture representation is a more appropriate choice for the evaluation of asphaltenic system behavior.
Introduction
Asphaltenes are defined as the heaviest fraction of crude oil, insoluble in paraffinic hydrocarbons, such as pentane or heptane, and soluble in aromatic compounds, such as toluene. Asphaltenes tend to form large aggregates that can generate a sudden increase in oil viscosity and can reduce fluid mobility. Understanding the phenomenology behind asphaltene aggregation and the evolution of aggregate size brings the industry one-step closer to designing appropriate strategies to increase oil recovery.
There are two distinct models aimed at describing asphaltene aggregation behavior. On the one hand, the Yen-Mullins model [1] presents a hierarchical aggregation description, in which asphaltenes are represented by a single molecule with one aromatic core (with four to ten aromatic rings) and aliphatic chains attached to the periphery. In this island-type architecture, π-π interactions between the aromatic cores of asphaltene molecules are the main force behind the aggregation process. The Yen-Mullins model has been successfully used in molecular simulations to reproduce experimental results, such as intermolecular distances in aggregates [2] , aggregate size [3] and solubility behavior [4] . However, this model is inadequate in explaining the ability of asphaltene aggregates to host other molecules within them (solvent molecules [5] , metallic porphyrins [6] and so on), and the strong adsorption interactions observed between asphaltene aggregates and different types of surfaces, such as formation rock, production pipes and surface equipment [7] , [8] .
The supramolecular model, on the other hand, considers asphaltenes as a large family of structures, and asphaltene aggregation as a more complex phenomenon, in which not only π-π interactions exist, but where acid-base interactions, hydrogen bonding, metallic interactions, and interactions between alkylic and cycloalkylic groups must also be considered [8] , [9] . Aggregation is then considered as a consequence of the simultaneous occurrence of all these interactions. This model is an attempt to explain the behavior of asphaltene aggregates in different solvents, different interactions with surfaces and the formation of flexible and porous aggregates. Molecular simulation studies have been conducted previously in order to reproduce and ultimately predict asphaltene aggregation behavior. Aggregation of island-type molecules in a vacuum [10] and in non-explicit solvents, represented by their dielectric constant [11] , prove that the separation distance between aromatic cores in asphaltene aggregates is between 3 and 4 Å, and that the spatial configuration of dimers can be face-to-face or parallel (π-π), offset stacking or offset parallel (σ-σ), and edge-to-face or T-shape (π-σ) [12] . Increases in computational capacity has allowed the solvent to be described in an explicit way, proving that the aggregation in solvents is similar to the aggregation in a vacuum [13] , [14] .
Different molecular simulation studies have been published, utilizing different metrics to quantify the evolution of the average aggregate size throughout the simulation time [3] , [12] , but none containing a detailed analysis of the effect of the molecular structure and the concentration of the asphaltenes on the average aggregate size.
Recent publications show that the overall behavior of asphaltene molecules and aggregates is affected by the nature of the solvent. The addition of n-heptane, for instance, generates an increase in the aggregate size of asphaltenic systems [15] , [16] , whereas the addition of toluene has no noticeable impact on this variable.
The aim of this work is to evaluate the effect of the molecular representation of the asphaltene fraction on the average aggregate size calculations of asphaltene/solvent systems using molecular dynamics simulations. Asphaltene aggregation was studied in a vacuum and in solvents of a paraffinic (n-heptane) and an aromatic nature (toluene) at concentrations of 18.6 and 30.0 wt.%. We evaluated three different asphaltene representations, namely, a mixture of four molecules and systems with the asphaltene phase represented exclusively with island-type molecules or archipelago-type molecules.
Model
The structure of asphaltene molecules used in this study was constructed by an stochastic algorithm that generates structures from experimental data of asphaltene samples [17] . This algorithm specifically avoids the construction of molecules with the pentane effect [18] and violation of the Clar's sextet rule for the amount and location of disjoint aromatic π-sextets in the core of asphaltene molecules [19] . Figure 1 depicts the asphaltene molecular representations obtained from the stochastic algorithm, with their corresponding molecular weights and the fraction they have in the mixture. These representations were generated from the experimental data of Maya crude oil [20] , [21] . It is worth noting that all four molecules, as individuals, as well as the pondered average of the set, are within the accepted criteria for the asphaltene structural description [22] . In addition, all the molecules are free from the pentane effect and abide the Clar's sextet rule. From Figure 1 , the generated molecular representations include three island-type molecules, two with a continental structure (labeled as Isl-1 and Isl-2) and a third one with a rosary-type configuration (Isl-3), all three accounting for 90% of the asphaltene phase. The remaining 10% of the asphaltene phase is an archipelago-type molecule (Arch). Molecule Isl-1 has a single aliphatic chain and has sulfur as its only heteroatom. Molecule Isl-2 has two aliphatic substitutions and three heteroatoms (sulfur, nitrogen and oxygen). Molecule Isl-3 has the same heteroatoms as Isl-2, but has an additional aliphatic substitution. Note that the molecular weight of the island-type molecules is of the same order of magnitude, but increases continuously from Isl-1 to Isl-3. Molecule Arch has two aromatic units in its structure, linked by an alkyl bridge of six carbons. The molecular weight of this archipelago-type structure is around twice that of Isl-2 or Isl-3, but is still within the accepted criteria for the molecular weight of asphaltene molecules. The different architectures and numbers of heteroatoms present in these model molecules allows us to determine the impact of the molecular structure of asphaltenes on the size of the aggregates in n-heptane and toluene solutions.
In order to quantify the average aggregate size, the average number of asphaltene molecules forming the aggregates, ⟨ ⟩, was used (Eq. 1):
where is the number of aggregates containing asphaltene molecules. This evaluation of the average size has been used in previous research [3] .
As aggregation criteria, two molecules were considered aggregated when there was a separation of 4 Å or less between their aromatic cores. This value is comparable with experimental reports that indicate that the distance between aromatic planes of aggregated asphaltene molecules is between 3.6 and 3.8 Å [23] , and it has been successfully used in aggregation studies using molecular simulation techniques [12] . Figure 2 shows a schematic of the measurement procedure of the distance between the aromatic cores of aggregated asphaltene molecules. As can be seen from the figure, all measurements are below 4 Å, and thus, these molecules form a four-molecule aggregate. The aggregation study was conducted for systems in a vacuum (absence of solvent) and in systems with asphaltene concentrations of 18.6 and 30.0 wt.% in n-heptane and toluene.
For the aggregation study of pure asphaltene systems, we evaluated three different representations, a system consisting of the mixture presented in Figure 1 , with the proportions shown there, and systems with the asphaltene phase represented exclusively with Isl-1 or Arch molecules, respectively. With these three systems (a mixture, an island-type representation and an archipelago-type representation), the effect of the molecular structure of asphaltenes on the aggregate size can be evaluated. For these calculations, 20 to 36 asphaltene molecules were placed in the simulation box.
For calculations with solvents, three asphaltene systems were also used (mixture, Isl-1 and Arch), using 10 asphaltene molecules in all cases. For the simulations with n-heptane, between 102 and 517 heptane molecules were simulated (depending on the asphaltene concentration). In the case of toluene, 111 to 562 solvent molecules were used.
Before the simulations were carried out, the intramolecular energy of a single molecule of each compound was minimized by adjusting the atomic coordinates of each atom iteratively until convergence was achieved at low energy [24] . At the beginning of every simulation, asphaltene molecules were placed at a distance of 12 Å from each other, and when necessary, the respective solvent molecules were placed around them. This initial distance was set so that each asphaltene molecule was within the cutoff radius for the long-range interactions with the neighboring asphalthene molecules, but at a distance large enough that the aggregation criteria were not fulfilled.
An initial energetic relaxation of each system was made in an NVT ensemble for 1 ns, by placing the molecules in a volume large enough to guarantee low density and avoid molecular overlapping (0.01-0.10 g/ml). Then, a simulation with an NPT ensemble at 1 atm was carried out for 1 ns to reach a stable value for the volume of the simulation box. This volume was then set for an additional NVT simulation for 30 ns, in order to evaluate the time evolution of aggregation size. The time step was set to 1 fs in the equilibration stages, and to 2 fs in the long NVT simulations of aggregation evaluation.
The consistent valence force field (CVFF) potential [25] was used to describe asphaltene and solvent molecules, in which all atoms are considered explicitly (all-atom potential). This potential considers Van der Waals and electrostatic intermolecular interactions, as well as intramolecular bond, angles and dihedral interactions [26] . Partial charges for the atoms in each molecule were calculated using the equivalent charges method [27] , and long-range interactions were evaluated with the particle-particle particle-mesh (pppm) technique, with a cutoff radius of 16 Å. The SHAKE algorithm was used to maintain bond lengths and angles during the simulations. All simulations were conducted at 298 K, and for the NPT simulations, the pressure was set to 1 atm, controlled by the Nosé-Hoover thermostat and barostat, respectively. Periodic boundary conditions were used in all three directions. The large-scale atomic/molecular massively parallel simulator (LAMMPS) [26] was used for molecular dynamics calculations. Figure 3 shows the time evolution of the average aggregate size, ⟨ ⟩, for the three pure asphaltene representations. For the Arch and Isl-1 representations, the systems exhibit an increasing aggregation behavior. The largest aggregate size was obtained with the Isl-1 representation, with a final average aggregate size of 3.3 after 30 ns. This average size results from a final configuration of one large aggregate of 22 asphaltene molecules, seven molecules forming small aggregates of two or three molecules, and the remaining seven molecules in a monomeric state. For the Arch representation, a final average size of 3.0 is reached, associated with aggregates consisting of two to four asphaltenes. For the mixture system, an average size of 2.9 was reached at the early stages of the simulation, and remained constant until the end. This average size is consistent with aggregates of two to four molecules, similar to the Arch representation. By analyzing only the average aggregate size of pure asphaltenes, it seems that the aggregation behavior is independent of the molecular representation used for the asphaltene phase. For asphaltenes in a vacuum, the average aggregate size was ~3 for all cases. However, when comparing the final configurations of the three systems, it was clear that the aggregation behavior obtained with the Isl-1 representation was far from the other two cases. The large aggregate of 22 asphaltene molecules obtained with this representation was possibly due to the molecular structure of the Isl-1 asphaltene, with one short aliphatic substitution, which decreases steric hindrance and facilitates aggregation. With the Arch and mixture representations, the multiple ramifications of the asphaltene molecules create steric impedances that stop aggregation beyond four-molecule aggregates. The analysis of the average aggregate size must be complemented in each case with the final configuration description for an accurate explanation of the aggregation process. Figure 4 depicts the average aggregation size for all three representations of the asphaltene phase with a concentration of 30.0 wt.% in n-heptane. It can be seen that the largest average size was obtained for the mixture representation, with an average size of 2.0. This is a result of a final configuration of one four-molecule aggregate, one three-molecule aggregate and the remaining molecules in a monomeric state. For the Isl-1 and Arch representations, average sizes of 1.3 and 1.1 were obtained, respectively. The result for Isl-1 is consistent with two two-molecule aggregates and the remaining molecules in a monomeric state, whereas with the Arch representation, there was only a dimer. Figure 5 shows the average aggregate size for the three asphaltene representations at a concentration of 18.6 wt.% in n-heptane. As can be seen from the figure, the largest average size was obtained for the mixture representation, similar to the results for the 30.0 wt.% concentration. In this case, the average size was between 2.0 and 2.5, whereas for the Isl-1 and Arch representations, the average aggregate size was significantly lower. For the Arch representation, the average size was 1.0, which is equivalent to all the asphaltene molecules being in a monomeric state. The simulations for asphaltenes represented as the mixture in n-heptane, for the two concentrations studied here, were extended until 95 ns of simulation time (not shown), and in both cases, the average aggregate size was 2.0. Aggregates of more than four molecules are temporarily formed, but they dissolve as the simulation continues. For this representation, aggregates up to four molecules are stable for the entire simulation time. Additional molecules can eventually interact with the four-molecule aggregates, even below the aggregation distance. However, steric hindrance due to the multiple chains cause these large aggregates to be unstable, and thus the attached molecules cannot remain part of the aggregate.
Results
Although for the mixture representation, the final average size is the same for both concentrations in n-heptane. For the lower concentration, the final configuration consisted of two-or three-molecule asphaltene aggregates, whereas for the 30.0 wt.% system, the final configuration consisted of three-and four-molecule aggregates. This indicates that for the mixture representation in n-heptane, the aggregate size increases with asphaltene concentration, as expected for asphaltenes in a paraffinic solvent [28] , [29] . The growth of asphaltene aggregates is limited to a few molecules due to steric repulsion (four-molecule aggregates). For the Isl-1 representation, the formation of aggregates of fewer molecules in the presence of n-heptane, compared with the pure asphaltene behavior presented in Figure 3 , is due to the interaction between asphaltene and n-heptane molecules, which weakens the attractive forces between the relatively small aromatic cores of these asphaltenes.
With the Arch representation, practically no aggregation was observed for the two concentrations of asphaltenes in nheptane. The interaction between the aliphatic chains in these asphaltene molecules and the paraffinic hydrocarbon in the solvent, create enough separation between aromatic cores for the molecules to exceed the aggregation criteria. This, however, is inconsistent with the known asphaltene aggregation behavior in n-heptane, meaning that the representation of the asphaltene phase exclusively with the archipelago architecture fails to correctly describe the aggregation behavior of these species. Figure 6 presents the average aggregate size for the three representations of the asphaltene phase at concentrations of 18.6 and 30.0 wt.% in toluene. For both concentrations, the mixture representation reaches an average size higher than for the Isl-1 and Arch representations. However, as the simulation advances, all three representations reach an average size between 1.0 and 1.5. The simulations with the mixture representation were extended until 95 ns (not shown) and the average size remained within this range. This is consistent with two two-molecule aggregates at most, and the remaining asphaltene molecules in the monomeric state. From Figure 6 , the aggregation behavior of asphaltenes in toluene was almost independent of the concentration for all three cases. The aromatic nature of the solvent promotes the interaction between solvent and asphaltene molecules, neutralizing the active points in the asphaltenes and decreasing the average aggregate size.
From the results of average aggregate size, the mixture representation for the asphaltene phase gives the best overall representation for both concentrations. The use of this representation of four molecules does not imply a significant increase in computational time compared with the representations with a single molecule, but allows for further research regarding asphaltene adsorption on different types of surfaces, aggregate structure and porosity, and so on.
Conclusions
In this work, the effect of the molecular representation of the asphaltene phase on the aggregate size calculations of asphaltene/solvent systems were evaluated. Three molecular representations were used for the asphaltene phase, namely, a mixture of four molecules, and two representations consisting of either island-type or archipelago-type molecules.
The average aggregate size for pure asphaltene systems was independent to the molecular representation used. However, for the island-type representation, the presence of short aliphatic chains allows for the formation of extremely large aggregates in a vacuum, whereas for the mixture and archipelago representations, the long aliphatic chains increase steric hindrance and stop the growth of asphaltene aggregates, limiting the size of the aggregates to up to four molecules. For asphaltene/solvent systems, aggregation results with the mixture representation were consistent with the expected solubility behavior of asphaltenes in both n-heptane and toluene. With this representation, the final configuration in nheptane consisted of up to four-molecule aggregates, whereas in toluene, the aggregates were dimers at most.
For the island and archipelago representations, the average aggregate size was significantly lower than with the mixture representation. The structural configuration of the island-type molecule selected misrepresented the aggregation behavior of the asphaltenic phase. The representation of the asphaltene phase exclusively with the archipelago architecture also fails to correctly describe the asphaltene aggregation since practically no aggregation was observed.
Finally, the results of aggregation indicate that the mixture representation is a more appropriate choice for the evaluation of the behavior of asphaltenic systems. In addition, by having both island-type and archipelago-type structures, the mixture representation of the asphaltene phase allows the study of different scenarios for asphaltenic systems. Future research should include adsorption of asphaltene aggregates on different types of surfaces and the porosity of the aggregates.
